Abstract: A 3.1THz phonon depopulation-based quantum-cascade-laser is investigated using terahertz time domain spectroscopy. A gain of 25cm -1 and absorption features due to the lower laser level being populated from a parasitic electronic channel are highlighted. © 2010 Optical Society of America [4] . Recently time domain spectroscopy (TDS) has been used to study the spectral gain of THz QCLs [5] [6] [7] . Broadband THz probe pulses are coupled into the laser cavity and the detection of the transmitted pulses is used to determine the spectral gain. Previous TDS studies of THz QCLs have focused on bound-to-continuum designs while no studies on devices based on the LO phonon depopulation scheme have been reported to date.
In this paper we investigate the gain of a 3.1THz LO phonon QCL using THz TDS. The sample is based on the three well structure by Luo et al [8] which has subsequently shown operation up to 178K in a double metal waveguide [3] . In addition, we identify various absorption features at low fields, before the bandstructure aligns for laser action. These absorptions correspond to the pre-alignment of the structure and the population of the lower laser level through an electronic channel.
Compared to the QCL in reference 3, this structure has a much thicker lower doped layer (700nm GaAs, doped at 2×10 18 cm -3 ) to support waveguiding in a single plasmon configuration, this waveguide geometry being used to enable coupling of the THz pulses into the laser cavity. The ridge width of the device was 140µm and the cavity length was 1mm. The device showed laser action up to a heat sink temperature of 85K at a 2.5% duty cycle and 70K at 10% duty cycle. The laser emission was centered at 3.1 THz. Broadband THz probe pulses were generated using a photoconductive antenna excited with a Ti:Sapphire femtosecond laser. The THz probe pulses were coupled into an end facet of the laser, with the transmitted pulses collected from the opposite facet and detected using electro-optic sampling. The spectral gain was determined using a transmitted reference pulse with the QCL under zero bias [6] . Fig. 1(a) shows the voltage-current (V-I) and light-current (L-I) characteristics of the laser at 10K, the latter measured with a standard pyroelectric detector. The laser threshold occurs at a current density of 1.07kA/cm 2 and laser action ceases at 1.37kA/cm 2 . Fig. 1(b) shows the transmitted electric fields of the THz pulses for various current densities. For current densities greater than 792A/cm 2 (when the bandstructure starts to align up to the design field) oscillations of the field are observed owing to the amplification of the input pulse and last for approximately 3ps when the device is above threshold. The short time period of the oscillations, compared to bound-to-continuum designs [6] , is attributed to the broad gain spectra. This can be observed in Fig. 1 (c) which shows the gain spectra above threshold with maximum gain at 3.11 THz, in accordance with the design frequency (3.1THz). The linewidth of the gain spectrum is 0.6 THz at laser threshold, compared to 0.32THz for a 2.9THz bound-to-continuum design [5] . The reason for this large linewidth is possibly the larger number of periods (226 compared to 90), which leads to inhomogeneous broadening of the gain profile. Other effects that could play a role include impurity scattering and the higher electron temperature in LO phonon depopulation designs leading to a larger in-plane momentum. The amplitude of the gain at 3.11 THz (i.e. at the laser emission frequency) as a function of applied current is also plotted in Fig. 1(a) . During laser action the gain is clamped at a value of ~25 cm -1 . This value is in good agreement with a simple estimate of the total optical losses (α Total = α m + α g =10.2cm
-1 + 9.8cm -1 = 20cm -1 where α m and α g are the mirror and waveguide losses respectively). Spectral gain at low current densities showing a sharp absorption at 4.2THz and a broad absorption that shifts from 2.5THz to 1.75THz as the current density is increased. (Spectra offset for clarity). All features disappear as the current density is increased and the subbands align for laser action at 3.11THz.
Compared to previous work on bound-to-continuum samples [6] , transmitted THz electric fields at lower current densities (Fig. 1b) show several unusual features. As the current density is decreased from laser action (1.17kA/cm 2 ) to just below threshold (0.92kA/cm 2 ) and then to 0.79kA/cm 2 , the amplitude and extent of the field oscillations decrease as expected. This corresponds to a decrease in the gain, and the transmission of the input pulse without amplification. However, below 0.79kA/cm 2 , the transmitted amplitude unexpectedly increases again and long lasting oscillations appear after 10ps corresponding to a narrow linewidth spectral feature. The first few oscillations in the time trace correspond to a broad spectral response. The vertical line at 9.5ps in Fig. 1b shows that the relative phase of the fields is nearly constant for current densities larger than 0.79kA/cm 2 . Below 0.79kA/cm 2 , however, the phase shifts significantly (by almost 180°) indicating a change from gain to strong absorption in the spectra [5] . The spectral gain below 0.80 kA/cm 2 is shown in Fig. 2 and shows several features that are not present at higher current densities. For low frequencies, below the laser frequency of 3.1THz, a broad absorption is present. Its peak redshifts towards lower frequencies with increasing current densities, indicating a diagonal transition between adjacent wells. The narrow absorption at high frequencies, however, remains roughly constant in frequency at ~4.2 THz, suggesting a vertical intersubband transition. These results will be discussed in further detail including a comparison with bandstructure calculations of the oscillator strengths as a function of applied field and transition energy [9] . These indicate that the origin of the absorptions observed at low current densities, before the onset of laser action, is a result of a leakage current channel which leads to significant electronic population of the lower laser state before the structure is correctly aligned for laser action. Improved injection schemes to prevent this current channel will also be proposed, which could eventually lead to an increase in the performance of these devices. These results will be further compared with a review of the gain measurements of bound-to-continuum QCLs [6, 7] .
